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SUMMARY 


After  great  progress  related  to  soot  formation  in  normal  diffusion  flames, 
studies  of  near  sooting  inverse  diffusion  flames  were  begun  to  determine 
controlling  precursors.  Stable,  temperature  controlled  inverse  diffusion  flames 
have  been  successfully  developed  and  numerous  chemical  samples  extracted  and 
analyzed.  Observed  trends  are  being  studied. 

The  side  chain  oxidation  of  n-butyl  benzene  was  found  to  follow  the  same 
processes  as  the  smaller  n-alkyl  benzenes:  abstraction,  alkyl  group  displacement 
and  thermal  cleavage.  The  results  have  led  to  development  of  a  simple  general, 
mechanistic  model  for  the  oxidation  of  n-alkyl  benzenes. 

Combustion  property  observations  of  isolated  boron  droplets  were  extended  to 
boron/ JP-10  slurries  with  various  solid  loadings.  Some  physical  understanding  of 
observed  droplet-burning  and  disruption  behavior  was  developed.  Quasi-spherical 
hollow  shells  of  the  boron  agglomerate  with  blowholes  support  the  hypothesis  of 
the  formation  of  the  impermeable  shell  and  subsequent  disruption  of  the  primary 
slurry  droplet. 

Boron  suspension  (cloud)  combustion  in  the  hot  reaction  products  of  a  flat- 
flame  burner  has  been  pursued.  The  boric  acid  fluctuation  bands  were  identified 
spectroscopically,  and  conditions  for  their  flame  occurrence  measured.  The  work 
progresses  toward  establishment  of  ignition  conditions  and  combustion  times  of 
0.1-5  micron  boron  particles. 


I.  Research  Objectives 

Present  and  anticipated  variations  in  fuels  and  trends  toward  high 
performance  propellants  require  greater  understanding  of  the  chemical  phenomena 
associated  with  the  combustion  aspects  of  the  various  propulsion  systems  of 
current  and  future  interest  to  the  Air  Force.  Under  AFOSR  an  integrated, 


3 


fundamental  program  on  fuel  research  was  established  at  Princeton.  Current 
emphasis  and  research  objectives  are  directed  towards  understanding  soot 
formation  and  destruction  processes;  on  related  pyrolysis  and  oxidation  studies 
of  hydrocarbons,  particularly  the  various  types  of  aromatics  that  aggravate  soot 
conditions  and  are  the  components  of  heavy  fuels,  and  mastering  high  energy 
density  boron  and  slurry  combustion  problems. 

In  subsequent  sections  this  report  details  the  progress  made  during  the  past 
year  and  the  publications  which  have  emanated  from  the  work. 

II.  Status  of  the  Research  and  Year’s  Progress 

This  section  is  divided  into  three  parts  which  correspond  to  the  current 
major  objectives  of  the  research  program. 

A.  Pyrolysis  and  Oxidation  of  Aromatic  Fuels 

Previous  investigations  (1-3)  of  the  high  temperature  (1000-1200K)  oxidation 
of  methyl,  ethyl  and  n-propyl  benzene  in  the  Princeton  flow  reactor  have 
indicated  that  three  primary  processes  are  instrumental  in  removing  the  alkyl 
side  chain  from  the  aromatic  ring:  1)  abstraction  of  a  hydrogen  from  the  alkyl 
group,  decomposition  of  the  radical  and,  oxidation  of  the  subsequently  formed 
species;  2)  displacement  of  the  alkyl  group  by  a  radical  species-usual ly  an  H 
atom;  3)  thermal  cleavage  (homolysis)  of  part  of  the  side  chain  followed  by 
oxidation  of  the  resultant  radicals.  Since  the  side  chain  is  removed  initially 
by  these  three  processes  without  any  major  attack  on  the  aromatic  ring  (4,5),  it 
was  also  found  that  the  oxidation  of  alkylated  aromatics  eventually  reduces 
simply  to  the  oxidation  of  the  phenyl  radical  and/or  benzene.  Much  of  the  basic 
understanding  of  the  reactions  important  in  the  removal  of  the  side  chain  was 
gained  from  observing  that  the  chemistry  of  the  oxidation  of  methyl,  ethyl  and 
n-propyl  benzene  was  analogous  in  many  ways  to  the  oxidation  chemistry  of  methane 
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(6),  ethane  (7)  and  propane  (7,8). 

In  order  to  examine  if  the  same  three  processes  of  abstraction,  displacement 
and  homolysis  found  previously  would  also  be  responsible  for  the  removal  of  the 
larger  and  possibly  more  complex,  n-butyl  side  chain,  a  high  temperature 
oxidation  study  was  conducted  of  n-butyl  benzene,  another  member  of  the  homolog¬ 
ous  series.  The  study  was  also  undertaken  in  order  to  establish  if  the 
oxidation  chemistry  of  n-butane  (9),  the  corresponding  next  member  of  the 
analogous  n-alkane  series,  would  serve  as  a  guide  in  the  understanding  of  the 
details  of  the  reactions  of  the  n-butyl  side  chain. 

Recently  acquired  n-butyl  benzene  flow  reactor  oxidation  data  are  presented 
which  confirm  that  the  same  three  processes  are  again  responsible  for  the  removal 
of  the  side  chain  and  that  the  oxidation  of  n-butane  is  indeed  a  good  indicator 
of  important  side  chain  reactions.  In  addition,  the  understanding  gained  from 
the  study  of  the  oxidation  of  n-butyl  benzene  along  with  that  acquired  in 
previous  oxidation  studies  of  the  smaller  members  of  the  homologous  series  has 
lead  naturally  to  the  development  of  the  generalized  model  of  the  high  tempera¬ 
ture  oxidation  of  n-alkyl  aromatics  presented  later. 

The  major  species  profiles  and  auxiliary  information  obtained  from  the  rich 
oxidation  of  n-butyl  benzene  are  displayed  in  Figures  1-4.  Similar  profiles  were 
obtained  from  both  lean  and  stoichiometric  oxidation  experiments. 

Figure  1  indicates  the  rapid  decay  of  the  fuel  is  an  apparently  first  order 
process.  The  exponential  decay  of  the  fuel  is  more  clearly  indicated  in  the 
semi-log  plot  of  the  fuel  decay  profile  displayed  in  Figure  5.  A  highly 
correlated  straight  line  fit  to  the  n-butyl  benzene  profile  is  obtained  over  two 
orders  of  magnitude  decrease  in  concentration.  An  apparent  first  order  decay  of 
fuel  during  an  oxidation  experiment  has  been  demonstrated  (2,10)  to  imply  a 
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quasi-steady  concentration  of  the  free  radical  pool. 

A  few  points  about  the  various  species  profiles  should  be  noticed.  By  far 
the  largest  concentration  of  early  forming  intermediates  is  ethylene.  During  the 
same  time  period  that  the  ethylene  is  growing  toward  its  maximum  concentration, 
styrene  and  toluene  are  growing  toward  their  maxima.  Ethyl  benzene,  propenyl 
benzene  and  propene  appear  to  reach  maxima  somewhat  earlier  than  do  the  other 
intermediates.  Though  the  relative  sequence  of  maxima  in  concentrations  do  not 
directly  indicate  the  order  of  formation  of  species  and  their  causal 
relationships,  they  can  nevertheless  be  suggestive  of  mechanistic  paths  to  be 
examined. 

The  growth  profile  of  benzaldehyde  and  the  comparatively  late  maxima  in  the 
concentration  profiles  of  benzene  and  phenol  are  characteristic  of  the  oxidation 
of  alkyl  aromatics  (5).  A  number  of  trace  quantities  of  other  species  primarily 
characteristic  of  the  decomposition  of  the  aromatic  ring  (4,5)  were  detected  but 
have  not  been  plotted.  COa  formation  was  not  measured  during  the  experiment. 
Judging  from  the  quantity  of  CO  produced  however,  the  expected  amount  of  C02 
would  be  extremely  low. 

The  experimental  results  displayed  in  Figures  1-4  can  serve  as  a  test  of  the 
viability  of  extending  previously  developed  mechanistic  ideas  to  larger  n-alkyl 
aromatics.  The  measure  of  the  success  of  the  extension  will  be  the  degree  to 
which  the  presence  of  the  observed  intermediates  is  predicted  when  the 
mechanistic  principles  are  applied  to  the  new  fuel.  Thus  the  application  of 
previously  developed  principles  to  the  oxidation  of  n-butyl  benzene  is  examined; 
the  contribution  of  each  mechanistic  path  to  the  observed  aromatic  intermediate 
species  is  particularly  noted. 

The  three  side  chain  removal  pathways  broadly  denoted  as  abstraction, 
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displacement  and  homolysis  are  again  postulated  to  be  the  major  routes  by  which 
the  n-alkyl  group  is  removed  from  the  alkylated  aromatic.  Though  these  three 
types  of  reaction  sequences  were  found  to  be  common  to  the  oxidation  of  methyl, 
ethyl  and  n-propyl  benzene,  their  relative  significance  varied  with  the  nature  of 
the  side  chain.  Thus,  the  mechanistic  details  of  the  three  routes  as  applied  to 
n-butyl  benzene  will  be  similar  to  those  found  previously  but  will  differ  in 
amount  of  detail  and  degree  of  significance.  For  convenience,  a  summary  of  the 
n-butyl  benzene  reactions  that  are  described  in  the  following  paragraphs  along 
with  the  analogous  reactions  of  n-butane  that  aided  in  their  selection  is 
presented  in  Table  1. 

N-butyl  benzene  differs  from  its  predecessors  in  the  homologous  series  in 
that  it  offers  a  greater  number  of  side  chain  abstraction  sites.  The  n-butyl  side 
chain  contains  2  benzylic,  3  primary  and  4  secondary  hydrogens.  The  four 
secondary  hydrogens  are  in  turn  comprised  of  2  sets  of  mechanistically  distinct 
sites.  Though  there  is  selectivity  associated  with  the  abstraction  of  each  type 
of  hydrogen,  reaction  path  degeneracy  prevents  the  predominance  of  reaction  at 
any  one  site  for  the  oxidation  of  alkylated  benzenes  at  the  present  conditions 
(10,11).  Therefore,  the  production  of  intermediates  by  abstraction  of  a  hydrogen 
at  each  site  by  a  pool  composed  of  the  most  active  radicals,  OH,  H  and  0,  must  be 
individually  evaluated. 

The  benzylic  C-H  bond  is  the  weakest  in  the  side  chain  (12).  Abstraction  of 
an  H  from  this  site  produces  the  radical 
O-C-C-C-C  . 

A  unimolecular  beta  scission  process,  the  dominant  high  temperature  radical 
decomposition  process  at  flow  reactor  conditions,  contributes  to  the 
experimentally  observed  concentration  of  styrene.  The  process  also  produces  ethyl 
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radicals  which  at  these  conditions  forms  ethylene  and  H  through  a  unimolecular 
decomposition  (2). 

Abstraction  of  any  one  of  the  three  primary  H  atoms  forms  a  radical  of  the 

type 

O-C-C-C-C  . 

Examination  of  the  structure  of  this  radical  indicates  that  beta  scission  yields 
ethylene  and  the  l-phenyl-2-ethyl  radical 
O-C-C  . 

The  thermodynamically  favored  path  for  beta  scission  of  this  radical  is  the  loss 
of  the  benzylic  H  which  further  contributes  to  the  observed  concentration  of 
styrene. 

Removal  of  a  secondary  hydrogen  from  the  third  carbon  of  the  side  chain 
leads  to  the  formation  of 

O-C-C-C-C  . 

The  beta  scission  bond  breaking  process  of  this  radical  is  also  predictable;  it 
contributes  to  the  relatively  large  amount  of  propylene  that  was  observed  and 
produces  a  benzyl  radical.  The  benzyl  radical  cannot  undergo  beta  scission 
because  no  beta  carbon-carbon  bonds  exist.  However,  three  alternate  reaction 
routes  are  probable.  Oxidation  through  reaction  with  0  and  H02  (1)  contributes  to 
the  observed  concentration  of  benzaldehyde.  Radical-radical  reaction  with  methyl, 
highly  probable  because  of  the  long  lived  nature  of  both  the  methyl  and  benzyl, 
undoubtedly  contributes  to  the  large  concentration  of  ethyl  benzene  (3,11). 
Reaction  of  the  benzyl  radical  with  a  suitable  H  source  yields  a  portion  of  the 


observed  toluene. 


Abstraction  of  a  hydrogen  from  the  set  of  secondary  H  atoms  on  the  second 
carbon  of  the  side  chain  presents  an  interesting  test  of  the  phenyl  isomerization 
process  found  to  be  surprisingly  important  during  the  oxidation  of  n-propyl 
benzene  (3).  The  l-phenyl-2-butyl  radical  formed  by  the  abstraction 
O-C-C-C-C 

can  be  converted  to  the  2-phenyl-l-butyl  radical  through  the  following  sequence 
(3,13) 

O-C-C-C-C  ->  C-C-C-C  ->  C-C-C-C  . 

0  0 

Beta  scission  of  the  2-phenyl-l-butyl  radical  would  provide  another  source  of 
styrene  and  ethylene  (via  decomposition  of  ethyl  radical).  In  competition  with 
the  above  isomerization  is  the  beta  scission  of  a  C-C  bond  in  the  initially 
formed  l-phenyl-2-butyl  radical  to  yield  propenyl  benzene  and  methyl  radical: 

O-C-C-C-C  ->  0-C-C=C  +  CH3  . 

The  observed  propenyl  benzene  concentrations  are  of  the  order  of  magnitude  of  the 
other  early  forming  intermediates  suggesting  that  the  beta  scission  process  is  at 
least  as  important  as  the  phenyl  isomerization  route.  Since  styrene  formed 
through  the  isomerization  path  cannot  be  distinguished  in  the  current  experiments 
from  that  formed  through  other  paths,  the  extent  of  isomerization  can  not  be 
experimentally  evaluated. 

The  products  observed  during  the  oxidation  of  n-propyl  benzene  led  to  the 
conclusion,  unlike  that  described  above,  that  the  phenyl  isomerization  was  the 
dominant  path  for  the  secondary  phenyl  propyl  radical.  The  dominance  of  the 
isomerization  route  was  due  in  large  part  to  the  absence  of  any  beta  C-C  bonds  in 
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the  side  chain,  a  situation  not  repeated  for  the  secondary  phenyl  butyl  radical. 

Displacement  of  the  alkyl  side  chain  is  well  known  for  toluene  (14)  and  has 
been  demonstrated  for  ethyl  and  n-propyl  benzene  (2,3).  Displacement  by  an  H  atom 
of  the  n-butyl  side  chain  contributes  to  the  observed  benzene  and  also  produces 
an  n-butyl  radical.  The  mechanism  for  the  oxidation  of  n-butane  (9)  suggests  that 
the  n-butyl  radical  will  primarily  undergo  beta  scission  to  form  ethylene  and  an 
ethyl  radical  which  itself  contributes  further  to  the  concentration  of  ethylene. 

Larger  alkylated  aromatics  such  as  n-butyl  benzene  offer  a  number  of 
possible  sites  for  thermal  C-C  cleavage.  The  bond  between  the  benzylic  carbon  and 
the  second  carbon  atom  of  the  chain  is  the  weakest  (12).  At  the  conditions  of  the 
current  experiments  bond  breaking  would  be  predicted  to  occur  at  this  site 
forming  benzyl  and  n-propyl  radicals.  The  following  argument  illustrates  the 
reasoning  behind  this  prediction.  The  homolysis  of  n-butyl  benzene  at  the 
benzylic  site  should  have  high  pressure  Arrhenius  parameters  of  A=1015  3sec_1  and 
E=70Kcal  if  the  trend  demonstrated  in  studies  of  ethyl  benzene  (15)  and  n-propyl 
benzene  (16)  holds.  Homolysis  at  the  bond  site  between  the  second  and  third 
carbon  would  be  expected  to  take  place  without  any  influence  from  the  beta 
position  phenyl  ring  (17).  Therefore  a  representative  high  pressure  Arrhenius 
rate  expression  of  k=1016 • 3exp-(81Kcal/RT)  sec-1  corresponding  to  the  central 
bond  scission  of  butane  (9)  can  be  taken  for  the  analogous  reaction  of  n-butyl 
benzene.  Evaluation  of  the  two  rate  expressions  at  1000K  indicates  that  homolysis 
at  the  benzylic  site  is  more  than  an  order  of  magnitude  faster  than  at  the  2-3 
bond  site. 

The  fate  of  benzyl  radicals  that  are  produced  from  the  major  homolysis  path 
is  the  same  as  was  discussed  earlier.  The  major  decomposition  path  for  n-propyl 
is  beta  scission  to  form  more  ethylene  and  a  methyl  radical  (8). 


The  reaction  paths  described  above  rationalize  quite  well  the  early 
production  of  styrene,  propenyl  benzene,  toluene,  benzaldehyde,  ethyl  benzene  and 
benzene.  The  many  reaction  paths  that  form  both  styrene  and  ethylene  are 
consistent  with  the  large  amounts  of  these  species  formed  very  early.  The  large 
amount  of  ethylene,  early  toluene  formation  and  some  benzaldehyde  production  are 
also  consistent  with  further  oxidation  of  styrene  (2)  as  well  as  with  the  other 
enumerated  sources. 

During  the  oxidation  of  the  other  members  of  the  homologous  series,  the  same 
aromatic  intermediates,  styrene,  toluene,  ethyl  benzene,  benzaldehyde,  phenol  and 
benzene,  were  observed  though  in  varying  concentrations  depending  on  the  size  of 
the  side  chain  in  the  initial  fuel.  As  was  discussed  earlier,  the  same  basic 
mechanistic  routes  appeared  to  be  responsible  for  the  formation  of  these  common 
intermediates.  The  observation  that  common  species  are  produced  through  common 
paths  from  the  oxidation  of  members  of  an  homologous  series  strongly  suggests 
that  the  construction  of  a  generalized  model  of  the  oxidation  process  is 
possible. 

A  simple,  generalized,  mechanistic  model  for  the  oxidation  of  n-alkylated 
aromatics  at  temperatures  in  the  vicinity  of  1000K  and  at  1  atmosphere  pressure 
that  attempts  to  represent  the  major  steps  by  which  the  alkyl  side  chain  is 
removed  from  the  aromatic  ring  is  presented  schematically  in  Figure  6.  The  three 
main  fuel  consumption  routes  of  displacement,  abstraction  and  homolysis  are 
clearly  displayed.  The  key  species  responsible  for  the  formation  of  the  observed 
intermediates  are  also  displayed.  The  arrows  in  the  figure  represent  the  causal 
relationships  that  convert  one  species  to  another.  Included  but  not  explicitly 
noted  as  such,  is  the  oxidative  chemistry  that  transforms  one  set  of 
intermediates  into  the  next.  The  vertical  arrows  originating  at  styrenes  (a  term 
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meant  to  represent  styrene  and  all  its  substituted  variations)  and  the  arrows 
leading  to  phenyl  imply  the  inclusion  of  oxidative  paths  such  as  those  that 
produce  benzaldehyde. 

The  formation  of  the  intermediates  ethyl  benzene  and  propenyl  benzene  do  not 
fall  neatly  into  the  generalized  mechanism  of  Figure  6.  However,  the  mechanism 
does  indirectly  encompass  the  chemistry  of  both  of  these  species  since  each  of 
these  intermediates  is  itself  a  fuel  that  will  undergo  the  same  three  basic 
processes  of  displacement,  abstraction  and  homolysis.  Therefore,  when  these 
intermediates  are  formed  they  can  be  considered  to  re-enter  the  scheme  at  the 
beginning  "fuel"  step. 

Though  the  general  mechanistic  model  of  Figure  6  is  predic¬ 
tive  and  expected  to  apply  to  alkylated  aromatics  such  as  n-pentyl  and  n-hexyl 
benzene,  it  is  nevertheless  qualitative.  A  simple  quantitative  mechanistic  model 
for  the  oxidation  of  all  n-alkyl  aromatics  would  be  useful  for  inclusion  in  a 
large  computer  code  that  describes  a  physical  situation  of  which  the  chemistry  is 
only  one  part.  Though  techniques  exist  (18)  that  can  be  used  to  make  the  present 
model  quantitative,  to  do  so  would  require  rate  constants  representative  of  each 
pathway  over  an  appropriate  temperature  and  pressure  range.  At  this  time,  such 
rate  expressions  are  not  available. 

Two  additional  points  need  to  be  considered  if  a  quantitative  overall  model 
to  account  for  the  oxidation  of  all  mono-substituted  monocyclic  aromatics  is  to 
be  developed.  As  the  side  chain  gets  longer,  the  number  of  olefins  similar  to 
propenyl  benzene  will  somewhat  increase.  Though  it  is  true  that  the  chemistry  of 
these  species  is  qualitatively  well  accounted  for  by  the  present  model,  a  means 
of  quantitatively  accounting  for  the  increase  in  number  with  chain  length  would 
be  required.  Secondly,  as  the  chain  increases  in  length,  the  possibility  of  alkyl 


side  chain  radical  isomerizations  with  5  and  6  member  cyclic  transition  state 
increases.  These  type  of  isomerizations  are  well  documented  (19)  for  long  chain 
alkyl  radicals  and  can  compete  with  rapid  beta  scission  of  initially  formed 
radical.  Isomerizations  of  this  type  will  alter  the  proportion  of  the 
intermediate  concentrations;  primary  or  secondary  radicals  will  tend  to  be 
converted  to  benzyl ic  radicals  with  a  consequent  change  in  the  stable  species 
observed. 

During  the  subject  period  work  began,  as  well,  on  the  oxidation  di-alkylated 
aromatics.  The  initial  results  on  xylene,  a  prominent  component  of  jet 
propulsion  fuels,  looks  most  promising.  A  typical  flow  reactor  result  is  shown 
in  Fig.  7.  Obviously  more  work  is  necessary  before  substantive  conclusions  or 
mechanisms  can  be  given.  This  aspect  of  the  research  will  be  the  main  concern  of 
the  next  annual  report  in  this  area.  Indeed  the  DOD  equipment  grant  through 
AFOSR  leads  us  to  expect  that  chemical  analysis  of  the  complex  intermediates  to 
be  found  in  the  flow  reactor  experimental  tests  on  the  alkylated  and  polynuclear 
aromatics  will  not  be  too  difficult. 

B.  Soot  Formation  and  Destruction  Process 

Extensive  progress  and  understanding  of  soot  processes  have  developed  from 
this  aspect  of  the  AFOSR  program.  The  program  was  the  first  to  clearly 
distinguish  the  difference  between  sooting  tendencies  of  pre-mixed  and  diffusion 
controlled  combustion  processes  and  the  importance  of  considering  temperature  in 
analyzing  the  sooting  tendency  of  fuels  (20).  The  work  on  pre-mixed  flames  was 
completed  and  a  correlation  developed  between  the  critical  sooting  equivalence 
ratio  of  fuels  and  mixtures  and  a  single  property  of  the  fuel,  namely  the  "number 
of  C-C  bonds"  (21).  Work  on  diffusion  flames  also  has  largely  been  completed. 

The  importance  of  temperature  was  particularly  significant  for  this  type  of 


combustion  process.  The  results  of  the  program  make  it  possible  to  determine 
from  a  fundamental  knowledge  of  the  pyrolysis  kinetics  of  component  fuels,  their 
tendency  to  soot  under  diffusion  flame  conditions  (22,23). 

The  key  to  controlling  soot  formation  irrespective  of  controlling  the 
temperature  is  a  knowledge  of  the  mechanism  of  soot  formation,  but  perhaps,  as 
important,  the  precursors  that  control  the  soot  formation  process.  Thus  for  this 
annual  period  most  attention  was  directed  towards  this  objective  by  chemical 
sampling  "unique"  inverse  diffusion  flames  and  making  use  of  the  chemical 
instrumentation  available  in  the  oxidation  kinetics  aspect  of  the  program.  The 
sampling  for  these  flames  is  performed  at  a  near  sooting  condition  which  is 
developed  by  nitrogen  dilution  of  the  flame  (20). 

All  hydrocarbon  fuel,  except  methane,  tend  to  form  so  much  soot  in  the 
standard  co-flow  laminar  flame  geometry  employed  that  a  near  sooting  flame  is 
usually  unattainable;  with  large  dilution,  most  flames  lift-off  before  soot 
formation  can  be  eliminated.  However,  by  simply  interchanging  the  fuel  and 
oxidizer  streams  and  choosing  the  dilution  of  the  streams  appropriately,  stable 
flames  with  no  visible  soot  loading  are  readily  attained.  Measurements  of 
temperature  and  intermediate  hydrocarbon  species  for  these  so-called  "inverse 
diffusion  flames"  (IDFs)  of  ethene,  propene  and  1-butene  in  near  and  slightly 
sooting  conditions  have  been  made.  The  effects  of  flame  temperature  and  fuel 
structure  on  these  profiles  have  also  been  measured. 

The  ready  achievement  of  an  inverse  diffusion  flame  measurement  makes  a 
description  of  the  experimental  apparatus  worthwhile  in  this  part  of  the 
research.  The  geometry  of  the  burner  is  similar  to  that  of  previous 
investigations  (22)  on  "normal  diffusion  flames"  (NDFs)  and  consists  of  a  1  cm 
diameter  stainless  steel  central  tube  and  an  8  cm  outer  shroud.  The  oxidizer  is 


a  controllable  mixture  of  O2  and  N2  and  flows  through  the  central  tube.  The  fuel 
flows  in  the  outer  stream  and  is  heavily  diluted  with  N2  .  The  inlet  velocities 
of  the  two  streams  are  always  comparable. 

The  system  is  enclosed  by  a  plexiglass  chimney  with  mounted  sampling  probes 
and  thermocouples  fixed  with  respect  to  the  chimney.  The  system  is  sealed  to 
prevent  ambient  air  contamination  of  the  fuel.  The  entire  chimney  assembly  is 
movable  vertically  and  the  probes  are  mounted  on  vernier  scales  so  that  profiles 
both  axially  (by  moving  the  chimney)  and  radially  are  possible. 

Gaseous  samples  were  taken  using  an  uncooled  quartz  micro-probe  with  an 
orifice  of  roughly  75  micrometers.  The  probe  is  vertical  in  the  flame 
environment,  roughly  parallel  to  the  streamlines.  Samples  are  expanded  from  the 
flame  to  approximately  100  torr  and  subsequently  compressed  to  1  atmosphere  for 
analysis  using  an  HP-5840  Gas  Chromatograph  employing  an  FID.  The  GC/MS  system 
was  used  to  identify  some  unknown  species.  Some  measurements  of  the  permanent 
gases  O2 ,  N2 ,  CO  and  CO2  were  made  with  a  Varian  920  GC  employing  a  TCD.  H2 
concentrations  were  not  measured. 

Temperature  measurements  were  made  with  a  6*  Rh-Pt/30%  Rh-Pt  thermocouple 
with  a  0.002  inch  wire  and  coated  with  quartz  to  a  diameter  of  0.004  inches  to 
prevent  catalytic  effects.  No  corrections  for  conduction  or  radiation  were  made. 

The  fuels  tested  were  ethene,  propene  and  1-butene,  all  of  C.P.  grade.  One 
ethene  flame  was  sampled  in  detail  and  is  considered  as  a  base  flame  from  which 
the  effects  of  perturbations  of  the  flame  conditions  can  be  observed.  In  all 
flames  tested,  the  flame  structure  is  kept  similar  by  keeping  the  flame  height 
and  the  parameter  S=X02/[Xf (n+m/4) ]  constant.  X02  and  Xf  are  the  oxygen  and  fuel 
inlet  mole  fractions,  and  n  and  m  are  the  carbon  and  hydrogen  number  of  the  fuel 
(24).  For  a  given  fuel,  by  changing  the  O2  and  fuel  concentrations  together, 
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flames  of  similar  structure  but  uniformly  higher  temperatures  are  obtained  so 
that  the  effects  of  increased  temperature  on  intermediate  hydrocarbon 
concentrations  at  fixed  residence  times  (25)  are  observed. 

The  initial  measurements  taken  were  chosen  to  isolate  the  effects  of  fuel 
structure  and  flame  temperature  on  chemical  fields  which  are  near-sooting.  Table 
2  lists  the  flames  sampled.  The  value  S=1.5  is  held  constant.  The  differences 
in  flame  height  for  a  given  fuel  are  due  to  differences  in  temperature  which 
affects  the  diffusivity.  The  total  central  stream  flow  rate  was  kept  constant 
for  a  given  fuel  at  roughly  9  cc/sec.  The  total  flow  rates  for  different  fuels 
were  varied  slightly  owing  to  the  different  diffusivities  between  fuels  and  were 
made  to  match  experimental  flame  height  data.  The  outer  stream  flow  rate  was 
always  980  cc/sec.  For  flames  in  which  soot  was  visible,  it  appeared  outside  the 
blue  reaction  zone.  For  faintly  luminous  flames  there  was  no  clogging  of  the 
sampling  probe  during  the  required  sampling  time.  The  hottest  ethene  flame  did 
clog  the  probe  in  the  regions  where  the  soot  loading  was  greatest  and  no  data  are 
available  there. 

The  general  character  of  the  pyrolysis  zone  of  any  hydrocarbon  IDF  is 
demonstrated  in  Figure  8  which  is  a  radial  profile  taken  at  the  flame  height  for 
the  base  ethene  flame.  The  unspecified  species  in  this  figure  have  not  been 
identified  with  the  GC/MS  system  but  are  primarily  C4,  C5  and  C6  branched, 
unsaturated  aliphatics.  The  intermediate  hydrocarbons  from  pyrolysis  reactions 
are  most  readily  formed  outside  the  flame  front,  where  the  temperature  is  high 
and  no  oxygen  exists.  They  diffuse  both  into  the  flame  where  they  are  oxidized 
and  away  from  the  flame  where  their  pyrolysis  ceases  due  to  the  lower 
temperatures.  When  soot  first  becomes  visible,  it  does  so  on  the  steep  flame 
side  of  the  intermediate  peaks. 
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Profiles  for  the  base  flame  at  both  lower  and  higher  heights  are 
surprisingly  similar  with  regard  to  the  peak  concentrations  of  intermediates,  and 
indicate  a  net  balance  between  reaction  and  diffusion.  Notable  exceptions  are 
for  allene  and  di-acetylene;  at  a  height  of  5  mm,  allene  attains  almost  an  order 
of  magnitude  higher  concentration  that  it  has  at  19  mm  (the  flame  ht)  while  di¬ 
acetylene  is  about  three  times  lower  at  5  mm  that  it  is  at  19  mm.  At  12  mm 
height,  the  peak  concentrations  of  all  intermediates  are  close  to  what  they  are 
at  19  mm.  For  heights  greater  than  the  flame  height,  the  intermediates  begin  to 
reach  the  centerline  because  there  is  no  longer  a  flame  to  destroy  them.  Some  of 
the  species  show  slight  increases  in  concentration  due  to  post-flame  reactions, 
but  these  are  minor  changes.  In  short,  a  radial  profile  at  the  flame  height  is 
indicative  of  the  intermediate  hydrocarbon  field  at  any  height;  in  particular,  in 
the  region  where  soot  first  appears. 

The  effect  of  flame  temperature  can  be  observed  by  comparing  the 
concentrations  of  all  intermediates  for  the  five  ethene  flames  tested  which  pass 
from  nonsooting  to  sooting  flames.  A  uniform  increase  in  concentration  of  all 
intermediates  is  observed  with  increasing  flame  temperature  (except  propene  which 
uniformly  decreases).  Di-acetylene  has  a  much  higher  sensitivity  than  any  other 
species.  It  is  difficult  to  ascertain  which  species  may  participate  in  soot 
formation  because  any  reduction  in  concentration  due  to  particle  formation  is 
insignificant. 

Fuel  structure  effects  are  demonstrated  in  Figures  9  and  10.  The 
temperature  profiles  for  all  the  flames  at  the  flame  height  are  reported  in 
Figure  9.  Flames  2,6  and  8  are  near-sooting  flames.  No  attempt  was  made  to 
match  temperatures  in  choosing  these  three  flames;  rather,  the  criterion  of  near- 
sooting  was  imposed.  The  result  is  that  the  temperature  profiles  for  the  three 
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flames  are  quite  close.  The  slightly  sooting  flame  choice  is  much  more  ambiguous 
visually  but  again,  the  three  temperature  profiles  are  similar.  The  region  where 
soot  first  appears  is  determined  by  the  drift  in  thermocouple  output  in  the 
slightly  sooting  flames. 

That  the  temperature  fields  are  quite  similar  for  the  near  sooting  flames  is 
surprising  at  first  glance  in  view  of  the  different  sooting  tendencies  of  the 
fuels.  However,  a  similar  result  for  NDFs  has  been  observed  (26)  in  which  the 
temperature  at  which  soot  first  forms  is  the  same  (about  1300  K)  for  different 
fuels.  In  this  study  as  well,  the  temperature  is  approximately  1300  K  where  soot 
formation  begins  in  the  slightly  sooting  flames.  It  appears  that  a  critical 
temperature  of  approximately  1300  K  must  be  exceeded  in  order  to  form  particles 
in  the  resident  times  available  in  laminar  diffusion  flames,  regardless  of  the 
fuel . 

The  temperature  field  similarity  also  allows  more  meaningful  interpretation 
of  concentration  field  comparisons.  Figure  10  shows  the  effect  of  different 
fuels  on  the  intermediate  concentrations  of  near  sooting  flames.  Radial  plots  at 
the  flame  height  have  been  taken  and  the  value  of  the  peak  concentration  of  each 
intermediate  concentrations  demonstrated  in  Figure  10  are: 

-  acetylene  concentrations  are  high  in  all  three  flames,  and  are  highest  in 
the  ethene  flame. 

-  the  butene  and  propene  flames  have  about  an  order  of  magnitude  higher 
concentration  of  propyne  (and  allene  by  partial  equilibrium)  than  the  ethene 
flame. 

-  di-acetylene  and  vinyl-acetylene  are  in  comparable  concentrations  in  all 
three  flames.  The  butene  flame  has  a  higher  concentration  of  butadiene. 

-  the  concentrations  of  cyclo-pentadiene  and  the  mono-aromatics  benzene, 
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touluene,  styrene,  and  phenyl-acetylene  increase  from  ethene  to  propene  to 
butene. 

Interpretations  of  the  possible  mechanism  of  particle  formation  from  the 
results  of  this  study  are  not  conclusive  at  this  time,  but  are  suggestive. 
Clearly,  the  requirements  of  sufficiently  high  temperature  and  sufficient  high 
concentrations  of  hydrocarbon  intermediates  must  be  met.  The  identification  of 
important  species  remains  elusive.  It  appears,  however,  that  the  inception  of 
particles  may  be  insensitive  to  the  concentrations  of  acetylene,  methyl- 
acetylene,  allene  and  mono-aromatics  as  these  species  vary  widely  in  the  three 
near  sooting  flames.  That  vinyl-acetylene  and  di-acetylene  are  found  to  have 
similar  concentrations  in  all  flames  may  indicate  that  they  play  a  fundamental 
role  in  inception  but  may  also  be  a  coincidence.  Future  tests  with  different 
classes  of  fuels  could  clarify  the  roles  of  various  intermediates  in  the 
inception  of  soot  particles  and  is  the  current  direction  of  this  research. 

C.  High  Energy  Density  (Boron)  Slurry  Vaporization/Combustion  Processes 

1.  Free  Slurry  Droplet  Combustion 

The  experimental  studies  in  burning  of  free  slurry  droplets  have  prog¬ 
ressed  substantially  during  the  past  year. 

Despite  the  considerable  attention  that  boron  slurries  have  received  in 
recent  years  as  potential  high  energy  density  liquid  fuels,  very  little 
fundamental  work  on  the  actual  vaporization/combustion  of  isolated  droplets  have 
been  reported  to  date.  The  primary  purpose  of  the  current  study  is  to 
investigate  the  fundamental  vaporization/combustion  behavior  of  boron  slurry 
droplets  and  to  provide  information  useful  for  fuel  and  combustor  development 
efforts.  First  observations  on  the  combustion  properties  of  isolated  boron 
slurry  droplets  were  reported  in  the  previous  contract  period  [27],  particularly 


focused  on  disruption  phenomena  of  the  primary  slurry  droplets.  During  the  past 
year,  the  work  was  extended  to  boron/JP-10  slurries  with  various  solid  loadings 
including  pure  JP-10  fuel  droplets.  The  results  were  presented  at  the  Eastern 
States  Section  Meeting  of  the  Combustion  Institute  [28]  and  the  Twenty-First 
International  Symposium  on  Combustion  [29].  Currently,  some  preliminary 
experimental  efforts  are  under  way  to  collect  condensed-phase  combustion  products 
to  investigate  both  the  role  of  condensation  and  the  mechanism  of  disruption. 

Observations  of  burning  free  droplets  of  both  pure  JP-10  and  boron/JP-10 
slurry  fuels  were  made  in  a  high-temperature,  atmospheric-pressure,  oxidizing 
environment  under  conditions  of  low  Reynolds  number.  A  stream  of  well-dispersed 
droplets  (approximately  100  droplet  diameters  apart)  was  projected  downward 
through  the  center  of  a  premixed,  water-cooled,  flat-flame  burner  coaxially  into 
a  hot  post -combust ion  gas  stream.  A  droplet  generation  system  utilizing  an  aero¬ 
dynamic  technique,  which  was  developed  in  the  previous  contract  period 
particularly  for  highly-viscous  solid-containing  liquid  fuels,  was  used  to 
produce  small  droplets  (typically  350  -  450  y  diameter)  of  both  pure  JP-10  and 
boron/JP-10  slurry  fuels.  The  flat-flame  burner  producing  the  post-combustion 
gases  was  operated  at  atmospheric  pressure  using  fuel-lean  mixtures  of  methane, 
oxygen,  and  nitrogen  (Table  3). 

Pure  JP-10  fuel  was  tested  to  obtain  basic  information  for  interpreting  the 
results  on  boron/JP-10  slurry  fuels.  The  droplets  ignited  shortly  after 
injection  (<10  ms)  and  an  envelope  diffusion  flame  developed.  Figure  11(a)  shows 
typical  temporal  variations  in  the  droplet  diameter  (d),  the  droplet  velocity 
(U<i),  the  gas  velocity  (U«),  and  the  droplet  Reynolds  number  (Re<i)  for  two 
separate  runs  under  the  same  condition  of  highest  oxygen  concentration  (gas  mix. 
no.:  1).  The  droplet  of  Run  1  had  a  smaller  diameter  than  that  of  Run  2  and 


therefore  completed  combustion  sooner.  Figure  11(b)  shows  the  results  for  lower 
oxygen  contents  (gas  mix.  io. :  3  and  5)  and  exhibits  slower  vaporization,  as 
expected.  The  termination  of  combustion  was  accompanied  by  a  yellow  flash 
extinction  typical  of  hydrocarbon  droplet  combustion,  except  at  the  lowest  oxygen 
content  (gas  mix.  no.:  5),  where  no  flash  was  seen. 

Figure  12(a)  shows  the  temporal  variations  in  the  square  of  the  droplet 
diameter.  The  linearity  supports  the  d-square  law,  i.e.;  d2  -  do2  =  -Kt .  The 
burning-rate  constant  (K)  determined  from  the  slope  of  each  line  is  shown  in  Fig. 
12(b)  as  a  function  of  the  environmental  oxygen  mole  fraction.  As  expected,  the 
burning-rate  constant  increased  as  the  oxygen  content  was  increased.  A 
theoretical  curve  obtained  from  the  following  equation  is  also  plotted. 

K  =  (8k/qdCP)  ln( 1  +  B),  (1) 

B  =  { cp  ( Tg  -  Tb)  +  iYo2H}/L.  (2) 

Here.q <j  =  liquid  density  of  JP-10  at  Tb  (0.806  g/cm3);  Tb  =  boiling  point  of 
JP-10  (455K) ;  cP  =  specific  heat  of  JP-10  at  T  =  (Tb  +  Tf)/2;  T r  =  adiabatic 
flame  temperature  of  JP-10;  B  =  transfer  number;  k  =  0.4  kjp-io  +  0.6;  kN2  = 
thermal  conductivity  of  the  gas  mixture  at  T  =  (Tb  +  Tf)/2;  i  =  stoichiometric 
fuel/oxidizer  mass  ratio  (0.3);  Y02  =  environmental  oxygen  mass  fraction;  H  = 
heat  of  combustion  of  JP-10  (10.1  kcal/g);  L  =  heat  of  vaporization  of  JP-10 
(69.5  cal/g).  The  predicted  burning-rate  constant  is  in  reasonably  good 
agreement  with  the  experimental  values  in  spite  of  uncertainties  in  properties  of 
gas  mixtures.  The  stronger  dependence  on  X02  in  the  experiment  may  be  due  to  an 
increase  in  k/cP  from  fuel  pyrolysis  with  increasing  X02,  not  accounted  for  in 
the  correlation  approach. 

Boron  slurry  droplets  burned  for  short  periods  of  time  quiescently  with  an 
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envelope  diffusion  flame  of  vaporized  JP-10,  but  then  experienced  pronounced 
disruption  in  all  cases,  except  for  the  droplets  of  low  solid  loading  (Yb  =  0.05, 
0.1)  in  the  lowest  oxygen  environment  (gas  mix.  no.:  5).  Figure  13  shows  the 
measured  gas  temperature  (Tg)  and  the  adiabatic  flame  temperatures  of  JP-10 
(Tf, jp-io )  along  the  centerline.  The  location  at  which  the  disruption  occurs 
along  each  droplet  trajectory  is  shown  by  cross-hatching  for  each  of  the  gas 
mixtures  and  boron  loadings.  As  the  oxygen  content  was  increased  for  a  fixed 
boron  mass  fraction,  the  disruption  occurred  at  earlier  times.  This  is 
attributable  to  increased  heat  flux  from  the  flame  to  the  droplet  surface  as  a 
result  of  both  higher  flame  temperature  and  closer  proximity  of  the  flame  to  the 
surface.  As  the  boron  particle  loading  was  decreased,  the  time  to  disruption 
increased  significantly.  At  all  solid  loadings,  if  the  diffusion  flame  tempera¬ 
ture  at  the  event  of  disruption  is  higher  than  the  boiling  point  of  BzCb  (2316K), 
the  greenish  emission  and  popping  sound,  characteristic  of  boron  ignition,  were 
noticed.  When  boron  ignition  occurs,  the  boron  particles  ejected  from  the 
primary  slurry  droplet  must  ignite  upon  passing  through  the  higher-temperature 
diffusion-flame  zone  and  becoming  exposed  to  the  oxidizing  environment.  This 
exposure  to  oxygen  leads  to  rapid  onset  of  combustion  without  the  intervening 
ignition  stage  of  the  type  previously  observed  experimentally  and  analyzed 
theoretically. 

Figure  14  shows  temporal  variations  of  the  square  of  droplet  diameter,  with 
data  on  pure  JP-10  (Yb  =  0)  also  included.  It  is  remarkable  that  the  d-square 
plot  for  Yb  =0.1  shows  a  linear  dependence  in  the  initial  period  and  that  the 
slope  of  the  decay  line  is  the  same  as  that  of  JP-10.  This  result  indicates  that 
the  liquid  component  of  the  slurry  with  relatively  low  solid  loading  burns 
initially  without  any  influence  of  the  solids,  thus  concentrating  the  slurry 


itself. 


The  process  leading  to  disruption  may  be  speculated  as  follows  (see  Fig. 

15).  It  appears  that  the  initial  decay  ends  when  the  solid  loading  near  the 
surface  becomes  sufficiently  high  to  form  a  rigid  shell  of  boron  particles  (see 
(c)  in  Fig. 15).  While  the  shell  is  porous,  as  proposed  in  the  rigid-porous-shell 
model  by  Antaki  [30,31],  vapor  of  JP-10  is  able  to  pass  through  the  shell.  As 
the  liquid  surface  regresses  into  the  interior,  the  temperature  of  the  shell 
surface  may  increase.  When  physical  binding  and/or  dense  agglomeration  of  boron 
particles  occur  at  the  surface,  an  impermeable  shell  appears  to  develop. 

Additives  with  high  boiling  points,  which  are  expected  to  accumulate  near  the 
surface,  may  contribute  to  this  process.  Internal  vaporization  may  then  occur  at 
heterogeneous  nucleation  sites  just  beneath  the  shell,  further  promoting  pressure 
buildup  that  eventually  results  in  disruption  ((d)  in  Fig.  15). 

Recently  collected  were  quasi-spherical  hollow  shells  of  the  boron 
agglomerate  with  blowholes,  which  lead  experimental  support  to  the  hypothesis  of 
the  formation  of  the  impermeable  shell.  Figure  6  shows  a  typical  scanning 

electron  micrograph  of  the  shell  collected  at  the  exit  of  the  combustion  chimney. 

It  is  noticeable  that  the  outer  surface  of  the  shell  is  smoother  than  the  inner 
surface.  The  shell  thickness  is  typically  10  +  5  p.  From  the  burning-rate  data 

of  JP-10,  the  shell  thickness  can  be  estimated  by  calculating  the  volume  of  JP-10 

consumed  in  the  period  between  the  end  of  the  initial  diameter  decay  and  the 
disruption  event.  The  boron  in  the  original  slurry  droplet  was  assumed  to  be 
left  behind,  immobile  as  the  liquid  vaporized.  For  both  Yb  =0.1  and  0.3,  the 
resulting  shell  thickness  was  approximately  20  p,  which  is  somewhat  thicker  them 
the  actual  shell  probably  because  of  accumulation  and  compaction  of  particles  in 
the  layer  during  the  liquid  surface  regression  process. 
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As  described  above,  some  physical  understanding  leading  to  explanations  of 
observed  droplet-burning  and  disruption  behavior  was  developed  in  the  past  year. 
It  was  established  that  although  available  theories  are  adequate  for  the 
approximate  calculation  of  burning-rate  constants  in  regimes  in  which  the 
d-square  law  applies,  estimations  of  conditions  for  departure  from  this  law  or  of 
the  character  of  the  disruption  processes  cannot  be  obtained  well  from  existing 
theories.  Good  bases  for  quantitative  extrapolation  of  the  results  beyond  the 
conditions  of  the  present  experiments  therefore  are  unavailable.  The  physical 
ideas  that  have  been  proposed  here  should  be  used  to  develop  quantitative 
theories  for  the  termination  of  the  d-square  regime  and  for  the  disruption 
process.  This  is  especially  important  because  the  disruptions  observed  here 
differ  substantially  in  character  from  those  found  for  other  fuels  such  as  liquid 
solutions  or  emulsions.  If  a  successful  quantitative  theory  is  obtained  for 
predicting  the  time  to  disruption  and  the  associated  mass  loss  found  in  the 
present  experiments,  then  calculations  for  conditions  in  practical  combustors  can 
be  made. 

2.  Boron  Suspension  (Cloud)  Combustion 

Experimental  studies  of  ignition  and  combustion  of  boron  particles  have 
progressed  through  continuing  research  on  boron  suspension  combustion.  These 
studies  are  addressing  concerns  that  under  practical  combustor  conditions  finite- 
rate  chemical  kinetics  may  lead  to  excessively  long  combustion  times  for  boron 
particles.  The  objectives  are  to  determine  and  understand  burning  rates  of  fine 
boron  particles  under  conditions  of  chemical -kinetic  control.  The  use  of  boron 
suspensions  or  clouds  was  adopted  as  a  convenient  way  to  approach  studies  of 
single-particle  kinetics  since  for  the  particle  sizes  of  interest  (diameters 
<  5  u)  experiments  with  single  particles  would  be  prohibitively  expensive.  An 
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experimental  apparatus  was  designed  and  constructed  for  measurements  of 
combustion  of  boron  suspensions,  and  various  preliminary  experimental  results 
were  obtained.  In  addition,  theoretical  studies  progressed  to  relate  the  results 
of  the  experimental  measurements  to  the  behaviors  of  single  boron  particles. 

An  apparatus  was  constructed  consisting  of  a  flat-flame  burner  employing 
methane-oxygen-nitrogen  mixtures.  By  adjusting  flow  rates  of  the  reactants  the 
flame  temperature  and  oxygen  concentration  in  the  product  gas  can  be  varied 
independently.  A  particle  feed  system  was  designed  and  constructed  for 
transporting  particle  suspensions  in  a  nitrogen  stream  upward  through  a  narrow 
tube  in  the  center  of  the  burner. 

The  performance  of  the  feed  system  is  a  significant  factor  in  the  success  of 
the  experiment.  In  previous  work  a  feed  system  had  been  obtained  that  operated 
successfully  with  A  2O3  particles  in  the  diameter  range  of  2  to  5  p.  The 
particle  sizes  of  the  acquired  boron  were  in  the  range  of  about  0.2  y,  and  the 
performance  of  the  feed  system  was  marginal  with  these  smaller  particles.  The 
feed  system  therefore  was  modified  to  achieve  desirable  performance  with  smaller 
particles.  In  the  current  design  the  boron  particles  placed  in  a  cylindrical 
chamber  are  agitated  by  a  rotating  blade  driven  by  an  electric  motor,  and  the 
nitrogen  carrier  stream  is  split  into  two  parts,  one  of  which  enters  the  chamber 
near  the  bottom  and  the  other  of  which  passes  by  the  conically  tapered  top  of  the 
chamber.  The  independent  controls  are  the  total  nitrogen  flow  rate,  the  bypass 
ratio  and  the  speed  of  the  electric  motor.  These  controls  can  be  adjusted  to 
vary  the  boron  particle  loading  at  any  fixed  nitrogen  flow  rate. 

The  suspension  fed  through  the  central  tube  into  the  products  of  the  flat- 
flame  burner  mixes  and  spreads  as  an  axisymmetric  laminar  jet.  The  conservation 


equations  for  axisymmetric  jet  flow  were  employed  as  a  basis  for  describing  boron 
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particle  histories  in  the  experiment.  For  the  region  in  which  a  similarity 
solution  applies  for  the  flow  field  the  calculation  of  particle  histories  is 
easiest.  Similarity  profiles  were  obtained,  and  it  was  found  that  theoretically 
the  optimum  location  for  boron  ignition  in  the  jet  occurs  at  the  edge  of  the  jet 
near  the  jet  exit.  Increasing  residence  times  with  increasing  distance  are 
offset  by  decreasing  temperatures  associated  with  mixing  into  the  cold  nitrogen 
from  the  jet  and  with  heat  loss  from  the  burner  products  to  the  surroundings. 

The  experiments  showed  that  three  different  types  of  boron  flame 
configurations  could  be  obtained  upon  injection  of  the  boron  suspension.  At 
measured  maximum  temperatures  of  the  flat  flame  below  about  1700  K  no  luminosity 
from  the  boron  suspension  was  observed.  At  temperatures  between  about  1700  K  and 
1800  K  a  dark  yellow  boron  plume  was  visible  with  black  smoke  emitted  from  the 
top  of  it.  At  about  1800  K  green  emissions  begin  to  appear  around  the  edge  of 
the  yellow  plume,  but  the  green  does  not  extend  all  the  way  to  the  centerline  at 
the  tip  of  the  plume.  As  the  temperature  is  increased  further,  the  extent  of  the 
green  increases,  and  at  a  third  critical  temperature  it  reaches  the  centerline, 
completely  surrounding  the  yellow  plume.  Further  increases  in  temperature  result 
in  a  more  intense  green  region  surrounding  a  shortened  but  brighter  yellow  core. 

Preliminary  measurements  were  completed  on  the  dependence  of  the  critical 
temperatures  identified  above  on  the  oxygen  concentration  in  the  product  gas. 
Oxygen  mole  fractions  were  varied  from  about  0.1  to  about  0.8,  and  it  was  found 
that  over  this  range  of  conditions  there  was  no  significant  influence  of  the 
oxygen  content  on  the  boundaries  of  the  different  types  of  flames.  The 
occurrence  of  the  different  flame  configurations  depends  mainly  only  on  the  flat- 
flame  temperature.  This  observation  is  considered  to  support  the  possible 
significance  of  H2O  in  boron  ignition  and  oxidation. 
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For  conditions  under  which  the  green  luminosity  extends  to  the  centerline 
the  height  of  the  region  of  yellow  luminosity  may  be  a  measure  of  the  ignition 
times  of  the  boron  particles  that  travel  along  the  centerline.  This  height  was 
measured  as  a  function  of  the  flat-flame  temperature  for  different  jet 
velocities.  It  was  found  to  increase  with  increasing  jet  velocity  and  to 
decrease  with  increasing  flame  temperature,  as  would  be  predicted  from  the 
expected  corresponding  variations  in  temperature-time  histories  of  the  particles. 
The  strength  of  the  dependence  on  flame  temperature  decreases  with  increasing 
flame  temperature,  and  above  about  2000  K  there  is  no  further  discernible 
decrease  in  yellow  height  with  increasing  temperature.  These  yellow  heights  were 
found  to  be  independent  of  the  oxygen  concentration  in  the  product  gas,  within 
experimental  accuracy.  The  implications  of  these  observations  on  ignition 
processes  are  under  continuing  investigation. 

To  better  evaluate  the  significance  of  the  green  emissions  spectra  of  the 
green  region  of  the  flame  were  taken.  In  the  experiment  a  He-Ne  laser  was  used 
for  alignment  of  lenses  and  a  slit  that  focuses  the  green  emissions  onto  the 
aperture  of  a  polychrometer  backed  by  a  silicon-intensified  detector.  An  optical 
multichannel  analyzer  served  to  convert  the  detector  output  into  a  spectrum 
displayed  on  an  oscilloscope  screen.  The  spectrum  obtained  matched  quite  well 
with  the  broad  boric-acid  fluctuation  bands,  attributed  in  the  more  recent 
literature  to  be  associated  with  emissions  from  BO2 .  These  observations  lend 
support  to  the  hypothesis  that  the  green  emissions  identify  regions  of  chemical 
reactions  of  boron. 

Spectra  from  the  yellow  regions  are  anticipated  to  be  continue  related  to 
black-body  emissions  from  hot  boron  particles.  Spectral  measurements  are  planned 
to  be  made  to  check  this  hypothesis.  In  addition,  work  is  underway  to  obtain 


samples  from  the  flames  by  passing  quartz  microprobes  through  the  flames  and 
examining  deposits  by  visible  and  scanning  electron  micrography.  The  sampling 
should  help  to  clarify  questions  concerning  the  extent  of  combustion  of  boron  in 
these  experiments. 

In  general  it  may  be  stated  that  the  research  on  boron  suspension  combustion 
is  progressing  somewhat  more  quickly  than  originally  envisioned  and  that  useful 
information  concerning  ignition  and  combustion  times  and  their  interpretations 
may  emerge  during  the  next  year. 
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Table  1 


N-Butyl  Benzene  Oxidation  Mechanism  and  the  Analogous  Reaction 
for  the  Oxidation  of  n-Butane.  (X  =  0H,0,H;  0  =  C6Hs) 

Abstract i on 


0-C-C-C-C  +  X  ->  0-C-C-C-C+XH  C-C-C-C  +  X  ->  C-C-C-C  +  XH 

(n-Butyl  benzene) 

p-C-C-C-C  ->  P-C=C  *  C-C  C-C-C-C  ->  c=c  +  c-c 

(Styrene)  C=C+H  C=C+H 


0-C-C-C-C  +  X  ->  0-C-C-C-C  +  XH  C-C-C-C  +  X  ->  C-C-C-C  +  XH 


0-C-C-C-C  ->  0-C-C  +  C=C 

I 

0-C=C+H 


C-C-C-C  ->  C-C  +  c=c 

▼ 

C  =  C  +  H 


9- C-C-C-C  +  X  ->  0-C-C-C-C  +  X 


C-C-C-C  +  X  ->  C-C-C-C  +  XH 


0-C-C-C-C  ->  0C+  C=C-C 


C-C-C-C  ->  C  +  c=c-c 


R+0CH3  „  RH 

O.HOa  t 

(Toluene) 

CHa  ,r  ! 

(Benzeldehyde) 


(Ethyl  benzene) 


Table  1  continued 


0-C-C-C-C  +  X  ->  0-C-C-C-C  +  XH  C-C-C-C  +  X  ->  C-C-C  C  +  XH 

0-C-C-C-C  ->  0-C-C=C  +  C  C-C-C-C  ->  C-C=C  +  C 

(Propen  y 1  benzene) 


0-C-C-C-C  ->  C-C-C-C 

I 

0 


c-c-c-c  ->  c-c  +  c-c 

I  I  \ 

0  0  C=C+H 


Displacement 


0-C-C-C-C  +  H  ->  0H  +  C-C-C-C 

I 


C=C+  C-C 

C  =  C  +  H 


Homolysis 


0-C-C-C-C  ->  0-C  +  C-C-C 

I  1 

(  Benzaldehyde ,  "|C  =  C  +  C 


•  t 


C-C-C-C  ->  C  +  C-C-C 


C-C  +  c 


Ethyl  benzene, 
Toluene 


fuel 


Xf 


Xo2 


TABLE  2 


Peak  axial  Sooting 
temperature  condition 


flame 

ht(mm) 


1)  ethene 

0.07 

0.31 

20.8 

1550K 

non-sooting 

2)  ethene  (base) 

0.083 

0.36 

19.4 

1677K 

near-sooting 

3)  ethene 

0.09 

0.39 

18.3 

1759K 

slightly  sooting 

4)  ethene 

0.10 

0.44 

17.5 

1860K 

sooting 

5)  ethene 

0.12 

0.53 

16.6 

— 

sooting 

6)  propene 

0.05 

0.36 

21.2 

1642K 

near-sooting 

7 )  propene 

0.06 

0.41 

19.2 

1733K 

slightly  sooting 

8)  1-butene 

0.043 

0.39 

21.4 

1588K 

near-sooting 

9)  1-butene 

0.05 

0.45 

20.3 

1745K 

slightly  sooting 

,  ■f-  *'  .  *' 
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TABLE  3  Burner  Operating  Conditions  and  Estimated 
Gas  Mixture  Compositions 


Gas  mix. 

no. 

Flow 

CHi 

Rate 

02 

( 1/min) 
N2 

Tf  ,  CH4 

(K) 

X02 

Mole  Fraction 

XN2  Xc02  XH20 

1 

0.3 

10.0 

66.7 

43.3 

2054 

0.39 

0.36 

0.08 

0.17 

2 

0.4 

10.0 

50.0 

60.0 

2065 

0.25 

0.50 

0.08 

0.17 

3 

0.5 

10.0 

40.0 

70.0 

2073 

0.17 

0.58 

0.08 

0.17 

4 

0.6 

10.0 

33.3 

76.7 

2078 

0.11 

0.64 

0.08 

0.17 

5 

0.7 

10.0 

28.6 

81.4 

2086 

0.07 

0.68 

0.08 

0.17 
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FIGURE  CAPTIONS 


FIGURE  1  Selected  species  profiles  from  the  slightly  lean  (Phi=.98)  oxidation 
of  n-butyl  benzene.  CioHi«:  n-butyl  benzene,  C2H4  :  ethylene,  CaHio: 
ethyl  benzene,  CsHa:  styrene,  CsHe:  phenyl  acetylene. 

FIGURE  2  Selected  species  profiles.  C7H6O:  benzaldehyde,  C7He:  toluene, 

C6H6:  benzene,  C6H60:  phenol,  C9H10:  propenyl  benzene. 

FIGURE  3  Selected  species  profiles.  C14H14:  dibenzyl,  Calk.'  propylene,  CH-a  : 
methane,  C2H6:  ethane,  C2H2:  acetylene. 

FIGURE  4  Temperature,  total  carbon,  oxygen  and  carbon  monoxide  profiles  from 
the  slightly  lean  oxidation  of  n-butyl  benzene. 

FIGURE  5  Plot  of  the  fuel  profile  against  reaction  time  demonstrating  the 
exponential  decay  over  two  orders  of  magnitude. 

FIGURE  6  Simple,  general  reaction  mechanism  for  the  oxidation  of  n-alkyl 
benzenes . 

FIGURE  7  Major  species  profiles  from  the  oxidation  of  m-xylene. 

FIGURE  8  Base  ethene  flame;  radial  profiles  at  flame  height.  Key  to  Fig.  8; 

1  -ethene,  2  -  CO2 ,  3  -  CO,  4  -  C2H2,  5  -  CH« ,  6  -  1,3  butadiene,  7 
-  vinyl-acetylene,  8  -  di-acetylene,  9  -  CzHs  (fuel  contain.),  10  - 
CaHe,  11  -  propyne,  12  -  benzene,  13  -  allene,  14  -  cyclo- 
pentadiene,  15  -  toluene,  16  -  phenyl-acetylene,  17  -  styrene. 

FIGURE  9  Temperature  profiles  at  flame  height 

O Flame  4  Q Flame  2 

Flame  3  0  Flame  6 

• Flame  9  K7  Flame  8 

•  Flame  7  •Flame  1 

FIGURE  10  Peak  concentrations  of  intermediates  for  near  sooting  flames.  Same 
key  as  Fig.  9. 

FIGURE  11  Temporal  variations  of  droplet  diameter,  droplet  velocity,  gas 

velocity,  and  Reynolds  number  of  JP-10  droplets.  O  ^  ,  d;  Q  ■  , 

Ud ;  A  A  ,  U«;  ^  W  ,  Red.  (a)  Gas  mix.  no.  1.  Open,  run  1; 
filled,  run  2.  (b)  Gas  mix.  no.:  open,  3;  filled,  5. 

FIGURE  12  (a)  Temporal  variations  of  d-square  of  JP-10  droplets.  Gas  mix. 

no.:  O  ,  1  (run  1,  do  =  0.36  mm);  Q  ,  1  (run  2,  do  =  0.39  mm);  ^  , 
3  (do  =  0.39  mm);  V  *  5  (do  =  0.35  mm),  (b)  Burning-rate  constant 
of  JP-10  droplets  as  a  function  of  environmental  oxygen  mole 
fraction. 


FIGURE  13 


Variations  of  the  adiabatic  flame  temperatures  of  JP-10  and  the 
measured  gas  temperatures  along  droplet  trajectories.  Gas  mix.  no 
0.1;  a  .  3;  V  .  5. 


FIGURE  14  Temporal  variations  of  d-square  of  boron/JP-10  slurry  droplets.  G 
mix.  no.:  1.  Yb :  O  .  0  (JP-10,  do  =  0.36,  0.39  mm);  V  ,  0.1  (do 
0.53  mm);  ,  0.3  (do  =  0.44  mm). 

FIGURE  15  Schematic  illustration  of  the  disruption  mechanism. 

FIGURE  16  Scanning  electron  micrograph  of  the  boron  agglomerate  shell  (100X) 
Gas  mix.  no.:  1,  Yb  =  0.3. 
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